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CHEMICAL FRACTIONATIONS IN METEORITES* 

Edward Anders 

For many years  chondrites have  been  accepted as average 

samples of non-volatile planetary matter, and have served as the 

basis of the cosmic abundance curve. There are two reasons f o r  

this acceptance: the abundances in chondrites resemble those 

in the sun, and they seem to be a smooth  function of mass  number. 

But the latter rule had its exceptions from the very  beginning. 

In 1947, when Suess (1) attempted to construct a semi-empirical 

cosmic abundance curve on the basis of Goldschmidt's (2) mete- 

oritic data, he  noted  that certain elements ( S e ,  Te,  Ga,  In, 

T1,  Zn,  Cd,  Hg, and  Re) were underabundant relative to their 

neighbours. Since most of these elements were congeners in the 

Periodic  Table, he suggested that chemical factors  were responsi- 

ble f o r  their depletion. Subsequent work showed some of these 

measurements (Ga, Re) to be erroneous, and for a while it was 

believed  that all such discrepancies would eventually disappear. 

*This paper is an abridged version of a talk given at the 11th Meteorite  Conference 

of the  Academy of Sciences of the USSR, Moscow, May 26-30, 2964. 



But t h i s  was n o t  so. P r e c i s i o n   m e a s u r e m e n t s   b y   n e u t r o n   a c t i v a -  

t i o n   a n a l y s i s   h a v e   t e n d e d  t o  c o n f i r m  or e v e n   e n l a r g e  these d i s -  

c r e p a n c i e s ,   a n d  have l e d  t o  t h e  d i s c o v e r y   o f  s t i l l  o t h e r s .  

Moreover,  Reed e t  a1 (3) made a n   i m p o r t a n t   o b s e r v a t i o n :   e l e m e n t s  

which are d e p l e t e d   b y  factors  of 10-1000 i n   o r d i n a r y   c h o n d r i t e s  

( e . g .  H g ,  T1, Pb, and S i ) ,  o f t e n   o c c u r   i n   n e a r l y  t he i r  p r e d i c t e d ,  

"cosmic" a b u n d a n c e s   i n   c a r b o n a c e o u s   a n d   e n s t a t i t e   c h o n d r i t e s .  

B u t   e v e n   w i t h i n  these t w o  c lasses  t h e  abundances  scat tered con- 

s i d e r a b l y .  

I t  seems t h a t  s u f f i c i e n t  da t a  have   accumula ted  by now f o r  

some t r e n d s  t o  be r e c o g n i z e d .   L e t   u s   b e g i n  by c o n s i d e r i n g  t h e  

c a r b o n a c e o u s   c h o n d r i t e s   ( F i g u r e  1). We h a v e   i n c l u d e d   i n  t h i s  

g r a p h   o n l y  those e l e m e n t s  whose abundances  are known or  s u s p e c t e d  

t o  be v a r i a b l e .   I n s o f a r  as p o s s i b l e ,  t h e  e l emen t s   have   been  

g r o u p e d   a c c o r d i n g  t o  t he i r  chemical p r o p e r t i e s .  To r e d u c e  t h e  

data  t o  a common basis,  t h e y   h a v e   b e e n   c o n v e r t e d  t o  " d e p l e t i o n  

factors" ,  d e f i n e d  as t h e  r a t i o  of cosmic t o  observed   abundance .  

T h i s   n o t a t i o n   p e r h a p s  looks a l i t t l e  awkward a t  first,  b u t  i t  

has t h e  a d v a n t a g e  t h a t  a l a r g e   d e p l e t i o n   c o r r e s p o n d s  t o  a l a r g e  

d e p l e t i o n  fac tor .  The cosmic abundances  were t a k e n  from Cameron's 

table  ( 4 ) ,  which  re l ies  rather  e x t e n s i v e l y   o n   c a r b o n a c e o u s   c h o n -  

d r i t e  da ta .  A c t u a l l y  t h i s  choice i n t r o d u c e s   v e r y  l i t t l e  bias ,  

s i n c e  w e  s h a l l  be concerned   main ly  w i t h  t h e  r e l a t i v e   p o s i t i o n  of 

t h e  p o i n t s ,  which  is i n d e p e n d e n t  of t h e  n o r m a l i z a t i o n   s t a n d a r d  

on a l o g a r i t h m i c   p l o t .  
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E a s i l y   t h e  most s t r i k i n g   f e a t u r e   o f   t h i s   g r a p h  is t h e   c o n -  

s i s t e n t  d i f f e r e n c e  among t h e   t h r e e   s u b c l a s s e s  of ca rbonaceous  

c h o n d r i t e s  (5, 6 ) .  Type I11 i n v a r i a b l y   h a s   t h e   h i g h e s t   d e p l e t i o n  

f a c t o r ,   f o l l o w e d  by Types I1 and I . *  M o r e o v e r ,   t h e   r e l a t i v e  

d e p l e t i o n   f a c t o r s  are r e m a r k a b l y   c o n s t a n t ,  as i m p l i e d   b y - t h e  

n e a r l y   c o n s t a n t   s e p a r a t i o n   o f  the cu rves .   Type  I1 u s u a l l y  l ies  

a f a c t o r   o f  2 above  Type I; and  Type 111, a f a c t o r   o f   4 .   T h i s  

r e l a t i o n s h i p  seems t o  b e   n e a r l y   i n d e p e n d e n t   o f  the  a b s o l u t e  s i z e  

o f   t h e   d e p l e t i o n   f a c t o r ;  it h o l d s   e q u a l l y  well f o r  d e p l e t i o n  

fac tors  Of l o 4  - 10  (Kr ,  X e ,  H) and 1 - 1 0 0   ( t h e   r e m a i n i n g  ele- 

ments )  . 
5 

Most s u r p r i s i n g  is t h e   f a c t  t h a t  t h i s  t r e n d  is  s h a r e d  by 

s u c h  a d i v e r s e   g r o u p   o f   e l e m e n t s .  A l l  major   geochemica l  classes 

are r e p r e s e n t e d :   a t m o p h i l e  e l e m e n t s  (Kr,  X e ,  F, C l ) ,   l i t h o p h i l e  

(Na, K ,  R b ,  C s ) ,   c h a l c o p h i l e  (S, Zn,  Cd) a n d   s i d e r o p h i l e   ( G e ) .  

Why s h o u l d   e l e m e n t s  as d i f f e r e n t   i n  t he i r  geochemis t ry  as X e ,  R b ,  

F, S,  Cd, Pb, and G e  a l l  b e   d e p l e t e d  t o  t h e  same r e l a t i v e   d e g r e e ? * *  

O b v i o u s l y ,   c o n v e n t i o n a l   g e o c h e m i c a l   c l a s s i f i c a t i o n s  a r e  of  

l i t t l e  u s e   i n   e x p l a i n i n g  t h i s  f r a c t i o n a t i o n .  The  o n l y  p r o p e r t y  

*The p o i n t s  a t  B i  are t h e  o n l y   e x c e p t i o n  t o  t h i s   r u l e .  But t h e y  

are b a s e d   o n   s i n g l e   m e a s u r e m e n t s   o n l y  (3), and t h e  a p p a r e n t   i n v e r -  

s i o n  may well be   due  t o  e x p e r i m e n t a l  error. 

**ZXhringer (7) w a s  t h e  first t o  n o t e   t h e   c u r i o u s   f a c t  t h a t  t h e  

h e a v y   n o b l e   g a s e s   f o l l o w  t h e  t r e n d   o f   o t h e r   h e a v y   e l e m e n t s .  
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a l l  t h e s e  e l e m e n t s  s h a r e  t o  a g r e a t e r  or lesser d e g r e e  is t h e i r  

v o l a t i l i t y .  Does t h i s  mean t h a t   t h e s e   e l e m e n t s  were d e p l e t e d  

i n  Types I1 and I11 by r e h e a t i n g ,  or by a c c r e t i o n  a t  h i g h e r  

t e m p e r a t u r e s ?  Most c e r t a i n l y   n o t .   I n   h i s   d i s c u s s i o n   o f  t race 

metal v o L a t i l i z a t i o n   f r o m   o r d i n a r y   c h o n d r i t e s   a n d   t h e   e a r t h ,  

Urey (8, 9,  1 0 )   p o i n t e d   o u t   t h a t   a n   e l e m e n t  or compound r ema ins  

g a s e o u s   i f  its v a p o r   p r e s s u r e   e x c e e d s   t h e   p r e s s u r e   o f   t h e  

n e b u l a r   g a s ;  otherwise it c o n d e n s e s .   A c c o r d i n g l y ,   a n  a l l -or-  

n o t h i n g   t y p e   o f   f r a c t i o n a t i o n  r e s u l t s .  Even s l i g h t   d i f f e r e n c e s  

i n   v o l a t i l i t y  must   lead t o  l a r g e   d i f f e r e n c e s   i n   t h e   d e g r e e   o f  

r e t e n t i o n .  Had meteoritic matter s e p a r a t e d  a t  h i g h   t e m p e r a t u r e s  

f rom its cosmic complemen t   o f   gases ,   t he   e l emen t s  Zn, S e ,  Cd, 

and Te s h o u l d   h a v e   b e e n   p r e f e r e n t i a l l y  l o s t ,  b y  f a c t o r s   c o m p a r a -  

b l e  t o  t h o s e  of t h e   n o b l e   g a s e s   ( = l o  ).  The d a t a   t h e n   a v a i l a b l e  

i n d i c a t e d  l i t t l e  o r  n o   d e p l e t i o n   o f   t h e s e   e l e m e n t s ,   a n d  Urey t h e r e -  

f o r e   c o n c l u d e d   t h a t  meteorit ic and t e r r e s t r i a l  matter s e p a r a t e d  

f r o m   t h e   n e b u l a   a n d   a c c r e t e d  a t  low t e m p e r a t u r e s ,  where - a l l  

v o l a t i l e  t race  e l e m e n t s   w o u l d   b e   r e t a i n e d .  
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U r e y ' s   a r g u m e n t   a b o u t   t h e   h i g h   s e l e c t i v i t y   o f   v o l a t i l i z a -  

t i o n   p r o c e s s e s   a p p l i e s   w i t h   e v e n   g r e a t e r   f o r c e  t o  t h e   p r e s e n t  

s i t u a t i o n .  Why should  xenor ,  (B.P.  = -107"C),   hydrocarbons  (B.P.  = 

200-5OO0C),  cadmium  (B.P. Cd = 767"C, CdS 132OoC),   and  lead 

(B.P.  Pb = 1620°C, PbS = 1280°C) a l l  show t h e  same r e l a t i v e  

d e p l e t i o n s  among Types I ,  11, and III? 

I t  seems t h a t   n o   m o d e l   i n v o l v i n g  a common, u n i t a r y   h i s t o r y  

o f   c h o n d r i t i c  matter c a n   a c c o u n t   f o r   t h i s   a b u n d a n c e   p a t t e r n .  
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One is d r i v e n  t o  t h e   a s s u m p t i o n   t h a t   c h o n d r i t i c  matter is a 

m i x t u r e   o f  a t  least t w o  k i n d s   o f  material of w i d e l y   d i f f e r e n t  

c h e m i c a l   h i s t o r i e s .   T h e   s i m p l e s t   m o d e l   t h a t  seems c a p a b l e  of 

a c c o u n t i n g   f o r   t h e   e v i d e n c e   a s s u m e s   t h a t   c a r b o n a c e o u s   c h o n d r i t e s  

are m i x t u r e s  of t w o  t y p e s  of material: an u n d e p l e t e d   f r a c t i o n  

(= A) c o n t a i n i n g  a l l  t h e   " d e f i c i e n t 1 '   e l e m e n t s ,   a n d  a d e p l e t e d  

f r a c t i o n  (= B) c o n t a i n i n g   n o n e .   F r a c t i o n  A may h a v e   s e p a r a t e d  

from its cosmic complement   of   gas  a t  l o w  t e m p e r a t u r e s   a n d  there- 

fore r e t a i n e d  its v o l a t i l e s ,   w h i l e   f r a c t i o n  B became  separa ted*  

from its g a s e s  a t  h i g h   t e m p e r a t u r e s   a n d   t h e r e f o r e   l o s t  i ts  

v o l a t i l e s .  If Types I1 and I11 c o n t a i n e d   o n l y   1 / 2   a n d   1 / 4  as  

much o f   f r a c t i o n  A as  Type I ,  t h e n  t h e  u n i f o r m   d e p l e t i o n  by 

fac tors  of =2 and x 4  would   be   expla ined .  

Is there a n y   e v i d e n c e   t h a t  t h e  c a r b o n a c e o u s   c h o n d r i t e s  

c o n s i s t   o f   t w o   d i s s i m i l a r   f r a c t i o n s ?   A p p a r e n t l y  so .  DuFresne 

and  Anders  (11)  showed t h a t  t h e  p r o p o r t i o n   o f   " h i g h - t e m p e r a t u r e  

m i n e r a l s "   ( o l i v i n e ,   p y r o x e n e ,   a n d   m e t a l )   d e c r e a s e d   d r a s t i c a l l y  

from  Types I11 t o  I ( F i g .  2). The  observed   amounts   o f  these  

m i n e r a l s   a g r e e   r e m a r k a b l y  well w i t h  t h e  p o s t u l a t e d   a m o u n t s   o f  

f r a c t i o n  B, namely =3/4, 1/2 ,   and  O.** 

* T h i s   s e p a r a t i o n   n e e d   o n l y  be chemical, n o t   n e c e s s a r i l y  a lso 

p h y s i c a l .   T h e   e s s e n t i a l   p o i n t  is t h a t   t h e   s o l i d s   c e a s e d  t o  react 

c h e m i c a l l y   w i t h   t h e   g a s e s  w h i l e  t h e  t e m p e r a t u r e s  s t i l l  were h i g h .  

**DuFresne   and   Anders   sugges ted   tha t  t h e  d e c r e a s e  w a s  d u e  t o  pro-  

g r e s s i v e   d e s t r u c t i o n   o f  these m i n e r a l s  by water s o l u t i o n s .  I now 

b e l i e v e  t h a t  t h i s  p r o c e s s  was o n l y   o f   s u b o r d i n a t e   i m p o r t a n c e ,  t h e  

major p a r t  of t h e  low- tempera tu re   mine ra l s   be ing  of p r i m a r y   o r i g i n .  
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T h i s   c o h i p b s i t i o n a : l   c b r r e l a t i o n  is p a r a l l e l e d  by a stryc- 

t u r a l  one. Type I11 c a r b o n a c e o u s   c h o n d r i t e s   c o n s i s t   l a r g e l y  of 

c h o n d r u l e s ,   w i t h   o n l y  a modest amount of matrix. Type I con- 

sist of matrix on ly ,   and   Type  11, of r o u g h l y   e q u a l   a m o u n t s  of 

c h o n d r u l e s   a n d   m a t r i x .   T h u s  t h e  r e l a t i v e   a m o u n t s  of matrix and 

c h o n d r u l e s   a g r e e  rather well w i t h  t h e  p o s t u l a t e d   a m o u n t s  of 

f r a c t i o n s  A and B. 

T e n t a t i v e l y ,   o n e   c a n   t h e r e f o r e   i d e n t i f y   f r a c t i o n s  A and 

B w i t h  t h e   m a t r i x   a n d   c h o n d r u l e s ,   c o n s i s t i n g  of l o w -  and  high-  

t e m p e r a t u r e   m i n e r a l s   r e s p e c t i v e l y .  I t  must be emphasized t h a t  

t h i s  i d e n t i f i c a t i o n  is t e n t a t i v e .   T h e r e  is as y e t   n o   e v i d e n c e  

t h a t  these t w o  f r a c t i o n s   d i f f e r   i n  t h e i r  t race  e l e m e n t   c o n t e n t ,  

as r e q u i r e d  by o u r  model .  

I t  w i l l  be i n s t r u c t i v e  t o  examine t h e  da t a  f o r  o the r  

t y p e s  of c h o n d r i t e s ,  t o  see whether  t h e y  are c o n s i s t e n t  w i t h  our 

model .  F i g u r e  3 g i v e s  t h e  d e p l e t i o n  fac tors  f o r  o r d i n a r y   a n d  

e n s t a t i t e   c h o n d r i t e s .   F o r   c o m p a r i s o n ,  t h e  da t a  on   ca rbonaceous  

c h o n d r i t e s  are a l so  shown. 

O r d i n a r y   C h o n d r i t e s ,  O f  t h e  t h i r t e e n   d e f i c i e n t   e l e m e n t s  

between F and B i ,  n i n e   ( F ,  S,  C 1 ,  Zn, G e ,  C d ,  Te,  I ,  and Hg) 

show d e p l e t i o n   f a c t o r s  of 3 - 1 2 .   T h e   h i g h e s t  three v a l u e s  are 

associated w i t h  t h e  more v o l a t i l e  of these e l e m e n t s :  C d ,  Hg, 

and I ( e . g . ,  B.P. C a I Z  = 718'C),   but  t h e  r e m a i n i n g   o n e s   a g a i n  

show t h e  s u r p r i s i n g   s a m e n e s s  w e  e n c o u n t e r e d   i n  t h e  Type I1 and 

I11 c a r b o n a c e o u s   c h o n d r i t e s .   N e v e r t h e l e s s ,   c e r t a i n   i m p o r t a n t  

d i f f e r e n c e s  are e v i d e n t .  
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( 1 )   T h e   a l k a l i   e l e m e n t s  are n o t   d e p l e t e d .  

(2)  T h e r e   a p p e a r s  t o  be  some excess d e p l e t i o n   o f  Cd, Hg, and 

I ,  p a r t i c u l a r l y   i f   t h e   a b u n d a n c e s  are compared   wi th  

t h o s e   i n  Type I c a r b o n a c e o u s   c h o n d r i t e s ,   r a t h e r   t h a n  

w i t h   t h e  cosmic abundance   curve .   Xenon,   though  no t  

p l o t t e d ,  a lso seems t o  f i t   t h i s   t r e n d .  

(3) I n ,  T 1 ,  Pb,   and B i  are d e p l e t e d  by s t i l l  l a r g e r   f a c t o r s .  

In   v i ew  o f  these e x c e p t i o n s ,   o n e   m i g h t   b e   t e m p t e d  t o  d i s -  

c a r d  t h e  m o d e l   a l t o g e t h e r .   B u t   t h e n   o n e  is f a c e d  w i t h  t h e   p r o b l e m  

of e x p l a i n i n g   t h e   c o n s t a n c y   o f   t h e   d e p l e t i o n   f a c t o r s   o f  F, S ,  C 1 ,  

Zn, e t c . ,  a n d   t h u s   o n e  is l e d   r i g h t   b a c k  t o  a two-component  model. 

P e r h a p s  t h e  b e s t   a p p r o a c h  is t o   r e t a i n  the model,  and  augment i t  

by such   ad   hoc   assumpt ions  as are  needed t o  a c c o u n t   f o r  t h e  excep-  

t i o n s .   I f  t h e  m o d e l   h a s   a n y   r e a l i t y   t o  i t ,  these " e x c e p t i o n s "  

may a c t u a l l y   p r o v i d e   c l u e s  t o  t h e   f o r m a t i o n  (or a c c r e t i o n )   c o n d i -  

t i o n s   o f  t h e  s e v e r a l   c h o n d r i t e  classes.  A f t e r  a l l ,  w e  have   no  

a s s u r a n c e  t h a t  a l l  classes of  meteorites f o r m e d   u n d e r   e x a c t l y  

i d e n t i c a l   c o n d i t i o n s .  

" 

The n o n - d e p l e t i o n   o f  a l k a l i  metals r e q u i r e s  t h a t  f r a c t i o n  

B o f   o r d i n a r y   c h o n d r i t e s   c o n d e n s e d  a t  s u f f i c i e n t l y  l o w  t e m p e r a t u r e s  

a n d   h i g h   p r e s s u r e s  t o  p r e v e n t   v o l a t i l i z a t i o n   o f   a l k a l i s .  The  pre- 

f e r e n t i a l   d e p l e t i o n   o f  Cd, Hg, I ( and  Xe)  means e i ther  t h a t   t h e s e  

e l e m e n t s  were p a r t i a l l y  l o s t  dur ing   metamorphism,  or t ha t  f r a c -  

t i o n  A i n   o r d i n a r y   c h o n d r i t e s  is o f   c o m p o s i t e   n a t u r e .  (One p a r t  

must  have l o s t  its g a s e s  a t  low e n o u g h   t e m p e r a t u r e s  t o  r e t a i n  

t h e s e   e l e m e n t s ,  w h i l e  a n o t h e r ,  major pa r t   mus t   have   condensed  

7 



a t  h i g h e r   t e m p e r a t u r e s   w h e r e   t h e y  were l o s t . )  T h e   d e p l e t i o n  of 

I n ,  T1, Pb, and  Bi is a mystery .   Except  f o r  o r g a n o - m e t a l l i c  

compounds, no o u t s t a n d i n g l y   v o l a t i l e   c o m p o u n d s  of t h e s e  ele- 

ments  are known. T h e i r   d e p l e t i o n   p o i n t s  t o  some un ique  circum- 

s t a n c e   i n   t h e   f o r m a t i o n  of o r d i n a r y   c h o n d r i t e s ,   b u t  i t  is n o t  

o b v i o u s   w h a t   t h i s   c i r c u m s t a n c e  was. 

E n s t a t i t e   C h o n d r i t e s .   F o r   t h e   p u r p o s e s   o f  t h i s  p a p e r ,  

t h e s e  meteorites h a v e   b e e n   d i v i d e d   i n t o  two s u b c l a s s e s .   T y p e  I 

i n c l u d e s   I n d a r c h ,  Abee, and   S t .   Sauveur .   Type  I1 i n c l u d e s   t h e  

remaining  members of t h i s  c lass .  (A similar c l a s s i f i c a t i o n  was 

proposed  by Y a v n e l '   s e v e r a l   y e a r s   a g o ) .   T y p e  I shows  on ly  a 

s l i g h t   d e p l e t i o n   r e l a t i v e  t o  c a r b o n a c e o u s   c h o n d r i t e s   o f   T y p e  I ,  

e x c e p t   f o r  Hg. Type I1 is m o r e   s t r o n g l y   d e p l e t e d ,   h o w e v e r .   F o r  

S ,  C 1 ,  G e ,  T e ,  and I t h e   d e p l e t i o n   f a c t o r s  are  1 .5  - 4 times 

h i g h e r   t h a n   t h o s e   o f   t h e   T y p e  I e n s t a t i t e   c h o n d r i t e s .   I n  terms 

o f   o u r   m o d e l ,   t h i s   m e r e l y   i m p l i e s   t h a t   t h e y   c o n t a i n  a smaller 

a m o u n t   o f   f r a c t i o n  A. T h e   s e l e c t i v e   d e p l e t i o n   o f  Zn and Cd 

p r o b a b l y  c a l l s  f o r   t h e  same e x p l a n a t i o n  t h a t  was i n v o k e d   i n   t h e  

case of t h e   o r d i n a r y   c h o n d r i t e s .  

I r o n  Meteorites. A v i r t u e   o f   t h i s   m o d e l  is t h a t  i t  c a n  

a l so  a c c o u n t   f o r   t h e   r e m a r k a b l e  G a  and G e  g r o u p s  of Goldberg 

e t  a1 (12 )   and   Love r ing  e t  a1 ( 1 3 ) .   F i g u r e s  1 and 3 show t h a t  

G e  is a d e p l e t e d   e l e m e n t   w h i c h ,   a c c o r d i n g  t o  our   model ,  is 

b r o u g h t   i n  by f r a c t i o n  A .  The d a t a   f o r  G a  are  i n c o m p l e t e ,   b u t  

s i n c e   t h e  Ga a b u n d a n c e   i n   o r d i n a r y   c h o n d r i t e s  is a f a c t o r   o f  3 .3  

lower t h a n  i ts  i n t e r p o l a t e d  cosmic a b u n d a n c e   [ 3 9 ;   r e f .  (411,  G a  
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is p r o b a b l y  a l so  a d e p l e t e d  e lement  which is b r o u g h t  i n  by 

f r a c t i o n  A .  Now,  b o t h  G a  and G e  are known t o  b e   s t r o n g l y  

s i d e r o p h i l e   i n  meteorites, and it t h e r e f o r e  seems l i k e l y  t h a t  

i r o n  meteorites h a v e   r e t a i n e d   t h e  major p a r t  of t h e  G a  and G e  

t h a t  was o r i g i n a l l y   p r e s e n t   i n  t he i r  p a r e n t   s u b s t a n c e .   B u t ,  

i n  terms of our m o d e l ,   t h e  G a  and G e  c o n t e n t   o f  the i r  p a r e n t  

s u b s t a n c e  was d e t e r m i n e d   e n t i r e l y  by t h e  p r o p o r t i o n  of f r a c t i o n  

A .  Hence t h e  p r e s e n t  G a  and G e  c o n t e n t  of a n   i r o n  meteorite 

s h o u l d  be a r e l i a b l e   a n d   c h a r a c t e r i s t i c   m e a s u r e  of t h e  propor-  

t i o n   o f   f r a c t i o n  A i n  t he i r  p a r e n t   s u b s t a n c e .  

T h e   g a l l i u m   c o n t e n t s  of a l l  m e t e o r i t e s   a n a l y z e d  b y  

Goldberg e t  a1 and   Love r ing  e t  a1 a re  shown i n   F i g u r e  4 .  I n  

comparing meteorites of d i f f e r e n t  N i  c o n t e n t ,  i t  is well  t o  

remember t h a t  G a  and N i  a re  b o t h   s i d e r o p h i l e .   M e t e o r i t e s  

d e r i v e d   f r o m  material of t h e  same G a  c o n t e n t  w i l l  t h e r e f o r e   h a v e  

a c o n s t a n t  G a / N i  r a t i o ,  r e g a r d l e s s   o f  what  f r a c t i o n  of i r o n  h a s  

been  removed as t r o i l i t e  o r  s i l i c a t e .  One s u c h   c u r v e   o f   c o n s t a n t  

G a / N i  r a t i o  is shown a t  t h e  t o p  of F i g u r e  4 .  T h i s  p a r t i c u l a r  

c u r v e   c o r r e s p o n d s  t o  t h e  cosmic G a / N i  r a t i o  a c c o r d i n g  t o  Cameron 

( 4 ) .  O t h e r  c u r v e s   o f   c o n s t a n t  G a / N i  r a t i o  m u s t   r u n   p a r a l l e l  t o  

i t .  

Ev iden t ly   Groups  I and I1 f a l l   q u i t e  close t o  the   " cosmic"  

G a / N i  l i n e .   I f  w e  t r u s t   t h e  cosmic G a / N i  r a t i o ,  w e  can  c o n c l u d e  

t h a t   t h e s e  meteorites are d e r i v e d  from material c o n s i s t i n g  

l a r g e l y ,  i . e .  t o  "70 - loo%,  o f   f r a c t i o n  A .  Groups I11 and I V  

would seem t o  c o r r e s p o n d  t o  a b o u t  20% and 2% of f r a c t i o n  A .  The 
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first two groups thus match the carbonaceous and enstatite chon- 

drites of  Types I, while Group I11 matches the ordinary chon- 

drites. While this correlation is  not specific enough to prove 

a genetic link, it is  in partial agreement with the relationships 

deduced earlier by Yavnel' (6). In terms of our model, each 

family of meteorites characterized by a particular depletion 

factor for Ga,  Ge, and other elements is  derived from a separate 

batch of primitive matter, perhaps a separate parent  body. 

It is of some interest to  see which of the existing 

theories on the origin of meteorites explicitly provide for the 

principal feature of this model: a dual origin of meteoritic 

matter. Apparently only  Wood's theory contains this feature. 

Wood (14, 15, 16, 17) proposes that all meteoritic matter  passed 

through a high-temperature, high-pressure stage very  early  in  its 

history, while it was still dispersed  in the protosun or solar 

nebula. On cooling, one part of  the material passed through the 

liquid  field of  the phase diagram and condensed to millimeter- 

sized droplets of silicate (= chondrules)  and  metal. Owing to 

their small specific surface, these particles would be chemically 

isolated from the cooling gas, even if the physical separation 

from the gas did  not happen until later. Another part of the 

material missed the liquid  field  and  condensed directly from 

vapor to solid, presumably  in the form of a fine  smoke, which 

later became the matrix  of chondrites. These particles, being 

less than a micron in size (16), would have a much larger specific 

surface than the chondrules and metal  particles.  They  would 
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I- - 

t h e r e f o r e   r e m a i n   i n   e q u i l i b r i u m   w i t h   t h e   g a s   p h a s e  down t o  r a t h e r  

low t e m p e r a t u r e s   w h e r e   v o l a t i l e s   c o u l d   b e   a d s o r b e d ,   a n d   w h e r e  

metallic i r o n   w o u l d   r e v e r t  t o  FeS  and  Fe 0 3 4: 

Fe + H2S = FeS + H2 

3Fe + 4H20 = Fe304 + 4H2 

I n  a g a s   p h a s e  w i t h  cosmic r a t i o s  o f  H2/H2S and H2/H20,  the  

f i r s t   r e a c t i o n   g o e s   f r o m  l e f t  t o   r i g h t  below 600°K,  and t h e  s e c o n d ,  

below  390°K (8).  

Wood ' s   mechan i sm  thus   p roduces   two   f r ac t ions  t h a t  c l o s e l y  

c o r r e s p o n d  t o  o u r   f r a c t i o n s  A and B. Two s l i g h t   d i f f e r e n c e s  

r ema in .  Wood r e q u i r e s  t h a t  h i s  c h o n d r u l e s - p l u s - m e t a l   f r a c t i o n  

p a s s e d   t h r o u g h  t h e  l i q u i d   f i e l d ,  whereas o u r   d e f i n i t i o n   o f   f r a c -  

t i o n  B m e r e l y   r e q u i r e s  t h a t  i t  became s e p a r a t e d  from i ts  g a s e s  

a t  h i g h   t e m p e r a t u r e s .  Our d e f i n i t i o n   t h u s   i n c l u d e s   a n g u l a r   a n d  

f i n e - g r a i n e d  mater ia l  t h a t  d i d  n o t   p a s s   t h r o u g h  t h e  l i q u i d   f i e l d :  

The  p r o p o r t i o n   o f   f r a c t i o n  B i n  a g i v e n   c h o n d r i t e  may t h e r e f o r e  

b e   l a r g e r   t h a n  t h e  p r o p o r t i o n  of c h o n d r u l e s   a n d  metal  g r a i n s .  

A n o t h e r   d i f f e r e n c e   e x i s t s   b e t w e e n   f r a c t i o n  A and t h e  m a t r i x .  

Wood's d e f i n i t i o n  s t a t e s  t h a t  t h e  m a t r i x ,  l i k e  o u r   f r a c t i o n  A ,  

became s e p a r a t e d   f r o m  i ts  g a s e s  a t  l o w  t e m p e r a t u r e s ,   b u t   i m p o s e s  

t h e  a d d i t i o n a l   r e q u i r e m e n t  t h a t  i t  was p r e v i o u s l y   h e a t e d  t o  

h i g h   t e m p e r a t u r e s   a n d   v a p o r i z e d .   A c t u a l l y  t h e  r e t e n t i o n   o f  

v o l a t i l e s   i n  cosmic p r o p o r t i o n s   w o u l d  be easier t o  u n d e r s t a n d  

i f   f r a c t i o n  A were t h e  p r i m o r d i a l   d u s t   i t s e l f ,  rather t h a n  a 

v a p o r i z e d   a n d   r e c o n d e n s e d   d e r i v a t i v e   o f  i t .  But t h i s  is n o t   a n  

u n b r i d g e a b l e   d i f f e r e n c e .   I n  t h e  l a t e s t  v e r s i o n   o f  Wood's t h e o r y ,  
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t h e   h i g h   t e m p e r a t u r e s   a n d   p r e s s u r e s  are p r o d u c e d   i n   t h e   n e b u l a  

on a p u r e l y  loca l  scale,  by shock  waves a s s o c i a t e d   w i t h  g i a n t  

f l a r e s   o f   t h e   e a r l y   s u n .  Now,  i f   t h i s   c o n d e n s a t i o n   p r o c e s s  

h a p p e n s   o n l y   l o c a l l y ,   o n e  may e x p e c t   w i d e   c o m p o s i t i o n a l   v a r i a -  

t i o n s  i n  t h e  n e b u l a .  Some r e g i o n s  may c o n s i s t   m a i n l y  of 

u n a l t e r e d   p r i m o r d i a l   d u s t ;   o t h e r s ,  of r e h e a t e d   a n d   r e c o n d e n s e d  

m a t e r i a l ;  s t i l l  others ,  o f   m i x t u r e s   o f   b o t h ,  or o f   s l i g h t l y  

r e h e a t e d   p r i m o r d i a l   d u s t .   C e r t a i n l y  t h e  v a r i a t i o n s   i n  t h e  

c o n d e n s a t i o n   c o n d i t i o n s   o f   f r a c t i o n s  A and B i n   v a r i o u s  mete- 

o r i t e  c lasses  a re  e n t i r e l y   c o n s i s t e n t   w i t h  t h e  r a n g e   o f   v a r i a -  

t i o n s   e x p e c t e d   i n  Wood's  model. I f   a c c r e t i o n  was r a p i d ,   s u c h  

d i f f e r e n c e s   w o u l d   p e r s i s t   i n  t h e  i n d i v i d u a l   m e t e o r i t e   p a r e n t  

b o d i e s .  

I f   t h i s   m o d e l  is cor rec t ,  t h e n   t h e  material  of t h e  

a c h o n d r i t e s ,  t h e  e a r t h ,   a n d  t h e  o t h e r   p l a n e t s  may have  been 

f r a c t i o n a t e d  by t h e  same mechanism. G a s t  (18)   and  more r e c e n t l y .  

Wasserburg e t  a1 ( 1 9 )   h a v e   p r o p o s e d   t h a t   t h e   e a r t h  has a lower  

a l k a l i  c o n t e n t   t h a n   d o  t h e  o r d i n a r y   c h o n d r i t e s .   I n a s m u c h  as  

f r a c t i o n  B o f   t h e   c a r b o n a c e o u s   c h o n d r i t e s   s h o w s   e v i d e n c e   o f  

a l k a l i  metal d e p l e t i o n  by v o l a t i l i z a t i o n ,  there  is n o   r e a s o n  

why t h e  e a r t h  s h o u l d   n o t   h a v e   l o s t  some  of i ts  a l k a l i s   i n   t h e  

same manner, i f  i t ,  t o o ,   a c c r e t e d   f r o m  t w o  t y p e s  of " p r i m o r d i a l "  

matter. I n   f a c t ,  i f  t he   above   mode l  is v a l i d ,   o n e   s h o u l d  be 

a b l e  t o  r e c o n s t r u c t  t h e  f o r m a t i o n   c o n d i t i o n s   o f  t h e  e a r t h  from 

t h e   a b u n d a n c e s   o f   t h e   3 0 - o d d   d e p l e t a b l e   e l e m e n t s   i n   F i g u r e  1. 

S i m i l a r l y ,  t h e  low a l k a l i   c o n t e n t   o f   t h e   c a l c i u m - r i c h   a c h o n -  
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d r i t e s ,   w h i c h  has b e e n   t h e   s u b j e c t   o f  much s p e c u l a t i o n ,  may a lso 

be  a n  e a r l y   f e a t u r e ,   r e f l e c t i n g   a c c r e t i o n   f r o m  a s t r o n g l y - h e a t e d ,  

a l k a l i - p o o r   f r a c t i o n  B. I t  w o u l d   b e   a n   i n t e r e s t i n g   a n d   p e r h a p s  

n o t e  e n t i r e l y   p o i n t l e s s  exercise t o  r e c o n s t r u c t   g e n e t i c  rela- 

t i o n s h i p s  among meteorites o n   t h e   b a s i s  of t race e l e m e n t   c o n t e n t .  

SUMMARY 

1. I t  is n o t   p o s s i b l e  t o  f i n d  a s i n g l e  se t  o f  chemical 

a n d   p h y s i c a l   c o n d i t i o n s   t h a t  is c o n s i s t e n t  w i t h  t h e   a b u n d a n c e  

p a t t e r n   i n   c h o n d r i t e s .   I n s t e a d ,  it must  be  assumed t h a t  mete- 

o r i t i c  matter is d e r i v e d  f r o m  a t  l eas t  t w o  mater ia ls  of  con- 

t r a s t i n g  chemical h i s t o r y .  T h i s  c o n c l u s i o n  is f i r m .  

2 .  The   s imples t   mode l  t h a t  a c c o u n t s  for t h e  p r e s e n t  d a t a  

assumes t h a t  t h e  meteorites ( a n d   p l a n e t s )  are  a b l e n d  of two 

t y p e s   o f  material: a n   u n d e p l e t e d   f r a c t i o n  A r i c h  i n   v o l a t i l e s ,  

and a d e p l e t e d   f r a c t i o n  B from w h i c h  t h e  v o l a t i l e s  were l o s t .  

The f i r s t   a p p a r e n t l y  became s e p a r a t e d   f r o m  i t s  cosmic  complement 

o f   g a s  a t  a l o w  t e m p e r a t u r e ,   a n d  t h e  s e c o n d ,  a t  a h igh   t empera -  

t u r e .  

3. T e n t a t i v e l y ,   o n e   c a n   i d e n t i f y   f r a c t i o n s  A and B w i t h  

l o w - t e m p e r a t u r e   a n d   h i g h - t e m p e r a t u r e   m i n e r a l s   i n   p r i m i t i v e ,  

unmetamorphosed  chondri tes .   They a l so  c o r r e s p o n d   r o u g h l y  t o  t h e  

m a t r i x   a n d   c h o n d r u l e s - p l u s - m e t a l   f r a c t i o n s .  

4 .  Wood's t h e o r y   ( 1 7 )  w i t h  a f e w   m i n o r   m o d i f i c a t i o n s ,   p r o -  

v i d e s  a ra ther  s a t i s f a c t o r y   f r a m e w o r k  for t h e   o r i g i n   o f   f r a c t i o n s  

A and B. F r a c t i o n  A is u n r e h e a t e d  o r  s l i g h t l y  reheated pr imor-  



dial dust,  while  fraction B is primordial dust  that was vaporized 

and recondensed during passage of a  shock  wave through the  solar 

nebula, and became chemically isolated from its gases at high 

temperatures. 
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FIGURE  CAPTIONS 

F i g u r e  1. Abundances of v a r i o u s   d e p l e t e d   e l e m e n t s   i n   c a r b o n a c e o u s  

c h o n d r i t e s .   R e l a t i v e  t o  Type I c a r b o n a c e o u s   c h o n d r i t e s ,   T y p e s  

I1 and I11 u s u a l l y  show d e p l e t i o n s  by n e a r l y   c o n s t a n t  factors  of 

=2 and =4 r e s p e c t i v e l y .   T h i s   c o r r e l a t i o n   h o l d s  f o r  e l e m e n t s  as  

d i s s i m i l a r  as X e ,  N a ,  S ,  F,  Cd,  and G e .  T h e   d a t a  were t a k e n  

f rom t h e  f o l l o w i n g   s o u r c e s :  Kr, X e ,  Zkihr inger   (7) ;  H,  C ,  N ,  Na, 

K ,  0, S ,  Cu,  Mason ( 2 0 ) ;  C s ,  Smales  e t  a1 ( 2 1 ) ;  C 1 ,  Zn, G e ,  

G r e e n l a n d   ( 2 2 ) ,   N i s h i m u r a   a n d   S a n d e l l   ( 2 3 ) ,   N i s h i m u r a   a n d   N a s u  

(241 ,  Shima   (25 ) ;   Te ,  I ,  Goles  and  Anders   (26);   F ,  Reed (271,  

F isher  ( 2 8 ) ;  C d ,  S c h m i t t  e t  a1  ( 2 9 ) ;  H g ,  T1, B i ,  Pb,  Reed e t  a1 

( 3 ) ;  Sn,   Shima  (25) .  

F igu re   2 .   Approx ima te   mine ra log ica l   compos i t ion   o f   ca rbonaceous  

c h o n d r i t e s .   T h e   p r o p o r t i o n   o f   l o w - t e m p e r a t u r e   m i n e r a l s   d e c r e a s e s  

from Type I t o  Type 111 .  [Based  on t h e  d a t a  of DuFresne  and 

Anders   (11)  1 .  

F i g u r e  3 .  A b u n d a n c e s   o f   d e p l e t e d   e l e m e n t s   i n   v a r i o u s   t y p e s   o f  

c h o n d r i t e s .   T h e   c o r r e l a t i o n   f o r   o r d i n a r y   a n d   e n s t a t i t e   c h o n -  

d r i t e s  is less  p e r f e c t   t h a n  t h a t  f o r   c a r b o n a c e o u s   c h o n d r i t e s ,  

b u t   a g a i n  there  is a marked t e n d e n c y   f o r  t h e  c u r v e s  t o  r u n  

p a r a l l e l   o v e r   e x t e n d e d  s t re tches .  The d a t a  were t aken   f rom t h e  

same s o u r c e s  a s  i n   F i g u r e  1, and t h e  f o l l o w i n g   a d d i t i o n a l   o n e s :  

N ,  K h i g  e t  a l ,  (30) ; I n ,  Schindewolf  and  Wahlgren (31) ; Hg,  "1, 

Pb,  B i ,  Ehmann and  Huizenga  (32);  major e lements ,   Urey   and  

Cra ig  ( 3 3 ) .  



FIGURE  CAPTIONS CONT'D. 

F i g u r e  4 .  Gal l ium  g roups  of i r o n s   a n d   s t o n y   i r o n s .   A d a p t e d  from 

Goldberg  e t  a1 (12)   and   Lover ing  e t  a1 ( 1 3 ) .   T h e   c u r v e   i n   t h e  

u p p e r   l e f t - h a n d   c o r n e r   c o r r e s p o n d s  t o  t h e  cosmic G a / N i  r a t i o  

( 4 ) .  A l l  meteorites d e r i v e d   f r o m  material o f   t h e  same Ga con- 

t e n t   s h o u l d  l i e  on a l i n e   p a r a l l e l  t o  t h e  "cosmic" c u r v e .  Most 

meteorites i n   G r o u p s  I and I1 l i e  c lose t o  t h e  "cosmic" c u r v e ,  

b u t  t h e  o ther  t w o  g roups  are s t r o n g l y   d e p l e t e d .  
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